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dielectric layer formed on the anode body and including
metal oxide; a second dielectric layer formed on the first
dielectric layer and including an insulating polymer; a third
dielectric layer formed on the second dielectric layer and
including a dielectric substance having a higher dielectric
constant than that of the metal oxide; and a solid electrolyte
layer formed on third dielectric layer.
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1
SOLID ELECTROLYTIC CAPACITOR AND
METHOD FOR MANUFACTURING SAME

RELATED APPLICATIONS

This application is the U.S. National Phase under 35 U.S.C.
§371 of International Application No. PCT/JP2012/076966,
filed on Oct. 18, 2012, which in turn claims the benefit of
Japanese Application No. 2011-252981, filed on Nov. 18,
2011, the disclosures of which Applications are incorporated
by reference herein.

TECHNICAL FIELD

The present invention relates to a solid electrolytic capaci-
tor and a method for manufacturing the same.

BACKGROUND ART

Valve metal oxides such as tantalum oxide and niobium
oxide have a high dielectric constant and insulation property,
and are used as dielectric material for solid electrolytic
capacitors.

Recently, the solid electrolytic capacitors have been
increasingly used for electronic devices such as a portable
telephone, notebook-sized personal computer, and a portable
game apparatus, and automotive devices such as a car navi-
gation system, and an engine control unit. As these devises
have had higher performance, solid electrolytic capacitors
having a smaller size and higher capacity have been required.

In order to allow the solid electrolytic capacitor to have
higher capacity, itis necessary to (1) increase a surface area of
an anode body, (2) make a dielectric layer thinner, and (3)
improve a dielectric constant of the dielectric layer. Among
them, in particular, for enhancing the capacity, it is most
effective to (3) improve a dielectric constant of the dielectric
layer.

In order to improve a dielectric constant of a dielectric
layer, Japanese Patent Unexamined Publication No.
S60-60709 proposes an electrolytic capacitor having a two-
layered structure, which is obtained by anodizing aluminum
s0 as to form an aluminum oxide dielectric layer, then coating
a surface of the dielectric layer with a metal alkoxide solution
including barium or titanium, and heat-treating thereof, so
that a barium titanate layer is formed on the aluminum oxide
dielectric layer.

SUMMARY OF THE INVENTION

A solid electrolytic capacitor of the present invention
includes an anode body, a first dielectric layer formed on the
anode body and including metal oxide, a second dielectric
layer formed on the first dielectric layer and including an
insulating polymer, a third dielectric layer formed on the
second dielectric layer and including a dielectric substance
having a higher dielectric constant than that of the metal
oxide; and a solid electrolyte layer formed on the third dielec-
tric layer.

It is beneficial that the insulating polymer includes at least
one selected from the group consisting of a sulfonic acid
group, a carboxylic acid group, a phosphoric acid group, a
phosphonic acid group and a hydroxyl group, and is cross-
linked.

Examples of the insulating polymer include cross-linked
polyvinyl alcohol which is cross-linked by using a cross-
linking agent including at least two of an aldehyde group, a
hydroxyl group and a carboxyl group, or a derivative of the
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cross-linked polyvinyl alcohol. Note here that “including at
least two of an aldehyde group, a hydroxyl group and a
carboxyl group” is not limited to including the same func-
tional groups, for example, including two aldehyde groups,
but denotes that different functional groups, for example, one
aldehyde group and one hydroxyl group may be included.

Examples of the dielectric substance constituting the third
dielectric layer include barium titanate particles.

A manufacturing method in accordance with the present
invention is a method for manufacturing a solid electrolytic
capacitor including an anode body, a first dielectric layer
formed on the anode body and including metal oxide; a sec-
ond dielectric layer formed on the first dielectric layer and
including an insulating polymer; a third dielectric layer
formed on the second dielectric layer and including a dielec-
tric substance having a higher dielectric constant than that of
the metal oxide; and a solid electrolyte layer formed on the
third dielectric layer. The method includes the steps of: form-
ing the second dielectric layer on a metal member forming the
anode body; and soaking the metal member provided with the
second dielectric layer in a solution including an ion of a first
metal that is at least one of metal elements constituting the
third dielectric layer, carrying out energization using the
metal member as an anode for anodizing a portion of the
metal member, which is brought into contact with the second
dielectric layer, so as to form the first dielectric layer, and
precipitating an oxide layer of an ion of the first metal on the
second dielectric layer.

Itis further beneficial that the manufacturing method ofthe
present invention further comprising the steps of soaking the
metal member on which the oxide layer is precipitated in a
solution including an ion of the second metal other than the
ion of the first metal among metal elements constituting the
third dielectric layer when the third dielectric layer includes a
plurality of metal elements, and heating the metal member,
for changing the oxide layer into a dielectric substance
including the first metal and the second metal so as to form the
third dielectric layer.

It is beneficial that the dielectric substance constituting the
third dielectric layer includes barium titanate. In this case, the
solution including an ion of the first metal is a solution includ-
ing a trivalent titanium ion, and the solution including the ion
of the second metal is a solution including a barium ion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic sectional view showing a solid elec-
trolytic capacitor in accordance with one embodiment of the
present invention.

FIG. 2 is a schematic sectional view showing by enlarging
a vicinity of a surface of an anode body in the solid electro-
Iytic capacitor in accordance with one embodiment of the
present invention.

FIG. 3 is a schematic view showing manufacturing steps of
the solid electrolytic capacitor in accordance with one
embodiment of the present invention.

FIG. 4 is a scanning electron microscope photograph
showing the anode body and each dielectric layer in accor-
dance with one embodiment of the present invention.

FIG. 5 is a schematic view showing manufacturing steps of
Comparative Example 1.

FIG. 6 is a schematic view showing manufacturing steps of
Comparative Example 2.

DESCRIPTION OF EMBODIMENTS

The solid electrolytic capacitor disclosed in Japanese
Patent Unexamined Publication No. S60-60709 has problems
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that adhesiveness between two dielectric layers is not suffi-
cient, so that leakage current is increased.

The present disclosure provides a solid electrolytic capaci-
tor capable of suppressing leakage current and a method for
manufacturing the solid electrolytic capacitor.

FIG. 1 is a schematic sectional view showing a solid elec-
trolytic capacitor in accordance with one embodiment of the
present invention.

As shown in FIG. 1, anode lead 1 is embedded in anode
body 2. Anode body 2 is produced by molding powder of
valve metal or an alloy including valve metal as a main
component, and sintering the molded product. Therefore,
anode body 2 has a porous structure. Although not shown in
FIG. 1, the porous structure is provided with a plurality of fine
pores penetrating from the inside to the outside. The thus
produced anode body 2 is produced such that the outer shape
thereof is substantially a rectangular parallelepiped in this
exemplary embodiment.

The valve metal forming anode body 2 is not particularly
limited as long as it can be used for a solid electrolytic capaci-
tor, but examples of the valve metal include tantalum, nio-
bium, titanium, aluminum, hatnium, zirconium, zinc, tung-
sten, bismuth, antimony, and the like. Among them, tantalum,
niobium, titanium, and aluminum are particularly preferable
because the dielectric constant of oxide thereof is high and
raw material thereof is easily available. Furthermore,
examples of the alloy including a valve metal as a main
component include alloys of two types of valve metals, for
example, two or more metals such as tantalum and niobium,
and alloys of a valve metal and other metal. When an alloy of
valve metal and other metal is used, a percentage of the valve
metal is preferably 50 atom % or more.

Furthermore, as the anode body, a metal foil of a valve
metal or an alloy foil may be used. In order to increase the
surface area of the anode body, an etched product of a metal
foil or an alloy foil, a rolled product of such foils, and a
laminated product thereof may be used. Furthermore, a prod-
uct formed by sintering such foils and powder together may
be used.

First dielectric layer 3a is formed on anode body 2. First
dielectric layer 3a is formed of metal oxide. Preferably, first
dielectric layer 3a is formed by oxidizing the surface of anode
body 2 by, for example, anodization (chemical formation).
Therefore, it is preferable that first dielectric layer 3a is
formed of tantalum oxide (Ta,Os), niobium oxide (Nb,O;),
titanium oxide (Ti0,), and aluminum oxide (Al,O;). Further-
more, it is preferable that first dielectric layer 3a is formed of
amorphous metal oxide.

Second dielectric layer 35 is formed on first dielectric layer
3a. Second dielectric layer 35 is formed of an insulating
polymer. Examples of the insulating polymer constituting
second dielectric layer 35 include polyvinyl alcohol, polya-
mide, polyimide, polyvinyl chloride, polyethylene, polypro-
pylene, polyvinylidene fluoride and derivatives thereof, and
the like. When anode body 2 is soaked in an aqueous solution
after second dielectric layer 35 is formed, it is preferable that
second dielectric layer 35 is insolubilized so that it is not
dissolved in the aqueous solution. Therefore, it is preferable
that water-soluble polymers such as polyvinyl alcohol are
insolubilized by cross-linking.

Third dielectric layer 3¢ is formed on second dielectric
layer 3b. Third dielectric layer 3¢ is formed of a dielectric
substance having a higher dielectric constant than that of
metal oxide constituting first dielectric layer 3a. Examples of
such a dielectric substance include barium titanate (BaTiO,),
strontium titanate (SrTi0;), calcium titanate (CaTiO;), a
solid solution thereof, and the like.
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Solid electrolyte layer 4 is formed on third dielectric layer
3c. Solid electrolyte layer 4 can be formed of manganese
dioxide, an electro-conductive polymer, or the like. From the
viewpoint of reducing the equivalent series resistance (ESR),
an electro-conductive polymer is preferably used. Examples
of' the electro-conductive polymer include polypyrrole, poly-
thiophene, polyethylene dioxy thiophene, polyaniline, poly-
acetylene, or the like. An electro-conductive polymer layer as
solid electrolyte layer 4 can be formed by conventionally
well-known methods such as chemical polymerization and
electrolytic polymerization.

In this exemplary embodiment, anode body 2 is porous
structure, first dielectric layer 3a, second dielectric layer 35,
third dielectric layer 3¢, and solid electrolyte layer 4 are also
formed on the surface the pores of anode body 2. FIG. 1
schematically shows first, second and third dielectric layers
3a, 3b and 3¢ as well as solid electrolyte layer 4, which are
formed on the outer peripheral sides of anode body 2 and
anode lead 1, but does not show each layer formed on the
surface of the pores of the porous structure mentioned above.

Carbon layer 5a is formed on solid electrolyte layer 4 on
the outer peripheral part of anode body 2, and silver layer 54
is formed on carbon layer 5a. Carbon layer Sa can be formed
by coating carbon paste. Silver layer 56 can be formed by
coating silver paste and baking thereof. In this exemplary
embodiment, carbon layer 5a¢ and silver layer 556 form cath-
ode layer 6.

Cathode terminal 9 is coupled to silver layer 5b via con-
ductive adhesive layer 7. Furthermore, anode terminal 8 is
coupled to anode lead 1. Mold resin outer package 10 is
formed so that end portions of anode terminal 8 and cathode
terminal 9 are pulled out to the outside.

As mentioned above, a solid electrolytic capacitor inaccor-
dance with this exemplary embodiment is formed.

FIG. 2 is a schematic sectional view showing by enlarging
a vicinity of a surface at an outer surface side of anode body
2 of the solid electrolytic capacitor shown in FIG. 1.

As shown in FIG. 2, anode body 2 is porous structure, and
includes fine pores inside thereof. On the surface of anode
body 2, first dielectric layer 3a, second dielectric layer 35, and
third dielectric layer 3¢ are formed sequentially in this order.
Solid electrolyte layer 4 is formed on third dielectric layer 3c,
and cathode layer 6 including carbon layer 5a and silver layer
5b is formed on solid electrolyte layer 4.

A thickness of second dielectric layer 36 is preferably 1 nm
or more and preferably 10 nm or less. The thickness is further
preferably 3 nm or more and 5 nm or less. When the thickness
of'second dielectric layer 35 is too small, an effect of reducing
leakage current cannot be obtained sufficiently. Furthermore,
when the thickness of second dielectric layer 35 is too large,
when first dielectric layer 3a is formed by carrying out anod-
ization in a state in which second dielectric layer 35 is formed
on the surface of anode body 2, an electric current does not
easily flow, thus making it difficult to form first dielectric
layer 3a in the below-mentioned manufacturing steps.

In this exemplary embodiment, anode body 2 is formed of
tantalum. Therefore, first dielectric layer 3a is formed of
amorphous tantalum oxide (Ta,Os5) formed by anodizing
anode body 2.

Second dielectric layer 35 is formed of a polyvinyl alcohol
cross-linked product. The relative dielectric constant of poly-
vinyl alcohol is 2. Since polyvinyl alcohol has extremely high
affinity with water among a large number of polymers, it has
excellent water solubility. Therefore, a polyvinyl alcohol
molecule can easily diffuse to the inside of anode body 2 that
is porous structure in an aqueous solution. Therefore, poly-



US 9,287,055 B2

5

vinyl alcohol is suitable for uniformly covering the surface of
anode body 2 having a high specific surface area.

Anode body 2 is soaked into polyvinyl alcohol aqueous
solution to attach polyvinyl alcohol to the surface of anode
body 2, dried thereof, and then brought into contact with an
aqueous solution of a cross-linking agent such as glutaralde-
hyde and boric acid. Thus, a polyvinyl alcohol cross-linked
product can be obtained.

In this exemplary embodiment, third dielectric layer 3¢ is
formed of barium titanate. An oxide of barium titanate group
has arelative dielectric constant of about 1000 to 6000, which
is extremely large as compared with a relative dielectric con-
stant of about 27 of tantalum oxide. Barium titanate can be
formed by manufacturing steps mentioned below.

When the dielectric layer in accordance with this exem-
plary embodiment is formed such that the thickness thereof'is
substantially the same as the thickness of the dielectric layer
of a solid electrolytic capacitor having a dielectric layer,
which is formed by anodizing an anode, it is preferable that
the thickness of second dielectric layer 35 is made to be the
smallest and the thickness of third dielectric layer 3¢ is made
to be largest if the dielectric constant of second dielectric
layer 35 is lower than the dielectric constant of first dielectric
layer 3a and third dielectric layer 3c. Thus, an effect of
enhancing the capacitance according to third dielectric layer
3¢ can be increased.

In this exemplary embodiment, the thickness of second
dielectric layer 34 is extremely smaller than the thicknesses of
first dielectric layer 3a and third dielectric layer 3c. Specifi-
cally, the thickness of second dielectric layer 35 is preferably
in the range from 1/100 to 1/10 of the thickness of first
dielectric layer 3a. The thickness of second dielectric layer 35
is preferably in the range from 1/100 to 1/10 of the thickness
of third dielectric layer 3c.

FIG. 3 is a schematic sectional view for illustrating a
method for forming first dielectric layer 3a, second dielectric
layer 35 and third dielectric layer 3¢ in accordance with this
exemplary embodiment.

As shown in FIG. 3(a), metal member 2a forming anode
body 2 is prepared. Next, as shown in FIG. 3(b), second
dielectric layer 35 is formed on metal member 2q. In this
exemplary embodiment, as second dielectric layer 35, a poly-
vinyl alcohol cross-linked product is formed.

Next, metal member 2a provided with second dielectric
layer 36 shown in FIG. 3(5) is soaked in a solution containing
an ion of first metal, and the first metal is at least one of metal
elements constituting third dielectric layer 3c¢. In this exem-
plary embodiment, metal member 2q is soaked in a hydro-
chloric acid (HCI) aqueous solution including titanium
trichloride (TiCly), which is a solution including a trivalent
titanium ion (Ti**) as an ion of the first metal. In this state,
metal member 2a is used as an anode, and a cathode is located
in the hydrochloric acid aqueous solution, and energization is
carried out, so that a portion of metal member 2a at a side that
is brought into contact with second dielectric layer 36 is
anodized to be changed into amorphous tantalum oxide.
Thus, first dielectric layer 3a made of amorphous tantalum
oxide is formed.

As shown in FIG. 3(c), first dielectric layer 3a is formed on
anode body 2 by the above-mentioned anodization, and tet-
ravalent titania sol (Ti(OH),, TiO(OH),) 11a, which are
formed by oxidation of trivalent titanium ions in an aqueous
solution, is directly precipitated on a polyvinyl alcohol cross-
linked film that is second dielectric layer 34.

Next, by heating anode body 2 shown in FIG. 3(¢), tetrava-
lent titania sol 11a is dehydrated to be formed into titanium
oxide film (TiO,) 115 as shown in FIG. 3(d). Since titanium
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oxide film 115 has a higher dielectric constant than that of
tantalum oxide of anode body 2, titanium oxide film 115 may
be used as third dielectric layer 3¢ in the present invention.
Therefore, titanium oxide film 115 is used as third dielectric
layer 3¢, solid electrolyte layer 4 is formed on titanium oxide
film 1154, and thereafter a solid electrolytic capacitor may be
produced as mentioned above.

In this exemplary embodiment, furthermore, anode body 2
in a state shown in FIG. 3(d) is soaked in a barium hydroxide
(Ba(OH),) aqueous solution including a barium ion (Ba**) as
anion of the second metal, and heated in a hermetically sealed
container to change titanium oxide film 115 into barium titan-
ate, so that third dielectric layer 3¢ including barium titanate
particles is formed as shown in FIG. 3(e).

Note here that it is preferable that a heating temperature for
heating and dehydrating titania sol 11a to obtain titanium
oxide film 115 is preferably in a temperature range from 100
to 200° C. Furthermore, a temperature at which titanium
oxide film 115 and barium hydroxide are reacted to each other
is preferably in a temperature range from 50 to 200° C.

Solid electrolyte layer 4 and cathode layer 6 are formed on
third dielectric layer 3¢ as mentioned above so as to produce
a solid electrolytic capacitor.

As mentioned above, first dielectric layer 3a, second
dielectric layer 35, and third dielectric layer 3¢ can be formed
on anode body 2.

According to the manufacturing method of the present
invention, as mentioned above, metal member 2a forming
anode body 2 is provided thereon with second dielectric layer
3b and soaked in a solution including at least one metal ion of
metal elements constituting third dielectric layer 3¢, and ener-
gization is carried out using metal member 2a as an anode.
Thus, a portion of metal member 2a that is brought into
contact with second dielectric layer 35 is anodized so as to
form first dielectric layer 3a, and oxide layer 11a of the metal
ion contained in the solution for soaking can be precipitated
on the second dielectric layer 35.

Therefore, first dielectric layer 3a, second dielectric layer
3b, and third dielectric layer 3¢ can be formed by simple
steps.

In this exemplary embodiment, as mentioned above, for
forming a titania sol of tetravalent Ti, a solution including a
trivalent Ti ion is used to cause anodization and oxidation of
trivalent Ti ion. Thereby, the titania sol of tetravalent Ti is
formed. In this exemplary embodiment, by soaking in the
solution of trivalent Ti ion as a metal ion having such a low
valency, so that anodization and oxidation of metal ion are
carried out and valency is changed. Thereby, Ti ion is acti-
vated and easily reacted with water, so that trivalent Tiion can
be oxidized uniformly and efficiently on second dielectric
layer 356 and a layer of tetravalent titania sol can be precipi-
tated.

Furthermore, as mentioned above, titanium oxide film 115
can be formed by heating and dehydrating titania sol 11a of
tetravalent Ti, and titanium oxide film 115 as it is may be used
as third dielectric layer 3c¢. In this exemplary embodiment,
soaking in an aqueous solution including a barium ion as an
ion of the second metal and heat treatment at 60 to 180° C. are
carried out, and titanium oxide film 115 is changed into
barium titanate, which is used as third dielectric layer 3c. A
capacity of the solid electrolytic capacitor can be further
increased since the dielectric constant of barium titanate is
further higher than the dielectric constant of titanium oxide.

Furthermore, according to the manufacturing method of
this exemplary embodiment, second dielectric layer 35 is
formed on metal member 2a forming anode body 2, and then
anodization is carried out in a hydrochloric acid aqueous
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solution including titanium trichloride, so that the thickness
of first dielectric layer 3a having a lower dielectric constant
than third dielectric layer 3¢ can be controlled to be thinner.

Furthermore, since titanium oxide film 115 is changed into
barium titanate by heating it in a barium hydroxide aqueous
solution at a temperature range from 60 to 180° C., as com-
pared with the case in which a metal alkoxide solution includ-
ing barium or titanium is coated and heated at 400 to 500° C.,
deterioration of first dielectric layer 3a and second dielectric
layer 35 can be suppressed, thus reducing leakage current.

In the present invention, since second dielectric layer 35 is
formed, third dielectric layer 3¢ directly formed thereon can
be held on first dielectric layer 3a with excellent adhesive-
ness. Furthermore, since second dielectric layer 35 is uni-
formly formed between first dielectric layer 3a and third
dielectric layer 3¢ with excellent adhesiveness, occurrence of
leakage current can be suppressed.

Furthermore, since third dielectric layer 3¢ having a higher
dielectric constant than that of first dielectric layer 3a is
formed, higher capacity can be achieved as compared with a
conventional solid electrolytic capacitor having a dielectric
layer formed by anodization of an anode so that the thickness
of the dielectric layer have the same thickness as a total
thickness of the first dielectric layer 3a, second dielectric
layer 35 and third dielectric layer 3c.

Furthermore, since third dielectric layer 3¢ can be held by
second dielectric layer 356 with excellent adhesiveness, exfo-
liation of third dielectric layer 3¢ can be suppressed, thus
suppressing deterioration of electrostatic capacity for a long
time. Therefore, reliability of the solid electrolytic capacitor
can be improved.

Furthermore, since first dielectric layer 3a, which is
brought into contact with second dielectric layer 35 after
second dielectric layer 35 is formed, adhesiveness between
first dielectric layer 3a and second dielectric layer 35 can be
improved. Therefore, it is possible to suppress interlayer
exfoliation between first dielectric layer 3a and second
dielectric layer 34.

Furthermore, since second dielectric layer 35 is formed
between first dielectric layer 3a and third dielectric layer 3¢,
withstand voltage characteristics can be improved.

Furthermore, in this exemplary embodiment, third dielec-
tric layer 3¢ is formed of particles of barium titanate having
high crystalline. Barium titanate formed of crystalline par-
ticles does not easily suppress leakage current, but first
dielectric layer 3a of this exemplary embodiment is formed of
amorphous tantalum oxide (Ta,O;) that is stable as oxide of a
valve metal, even when third dielectric layer 3¢ made of
barium titanate of crystalline particles is provided, occur-
rence of leakage current can be suppressed by first dielectric
layer 3a. Furthermore, in this exemplary embodiment, since
second dielectric layer 35 is provided between first dielectric
layer 3a and third dielectric layer 3¢ with polyvinyl alcohol
having high insulation property, occurrence of leakage cur-
rent can be suppressed.

EXAMPLE

Hereinafter, the present invention is further described with
reference to specific Examples, but the present invention is
not limited to the following Examples.

A solid electrolytic capacitor shown in FIGS. 1 and 2 is
produced as follows.

(Step 1)

Atantalum sintered body is produced by sintering tantalum
particles, and the tantalum sintered body is used as metal
member 2a forming anode body 2. Metal member 2a is
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soaked in 0.1 wt. % polyvinyl alcohol aqueous solution and
then dried. Thereafter metal member 24 is soaked into 1.0
wt. % glutaraldehyde aqueous solution, and then dried by
heating. Thus, second dielectric layer 35 including polyvinyl
alcohol cross-linked product insoluble in water is formed on
metal member 2a.

(Step 2)

Metal member 24 that has been subjected to treatment of
Step 1 is soaked in an aqueous solution including 1 wt. %
titanium trichloride and 0.4 wt. % hydrochloric acid, and
constant-current energization is carried out by using metal
member 2a as an anode and platinum as a cathode. Thus, as
mentioned above, first dielectric layer 3a is formed and a
layer including titania sol 114 is formed on second dielectric
layer 3b.

Note here that even when metal member 2q that is not
provided with second dielectric layer 35 is anodized, a titania
sol is not formed. This is thought to be because a speed of
oxidation reaction for forming tantalum oxide from tantalum
is larger than that of oxidation reaction for forming titanium
hydroxide (titania sol) from a titanium ion. It seems that when
second dielectric layer 35 is formed, a reaction in which metal
member 2a is oxidized can be appropriately suppressed, so
that titanium hydroxide (titania sol) can be precipitated.

Note here that a thickness of second dielectric layer 35 is 4
nm.
(Step 3)

Anode body 2 that has been subjected to treatment of Step
2 is heated at 150° C. for two hours, and titanium hydroxide
(titania sol) is heated to be dehydrated to form a titanium
oxide film. As mentioned above, titanium oxide film 115 may
be used as third dielectric layer 3c.

(Step 4)

Anode body 2 that has been subjected to treatment of Step
3 is soaked in 5 wt. % barium hydroxide aqueous solution,
and heated at 120° C. for 72 hours in a hermetically sealed
container. This hydrothermal treatment changes titanium
oxide into barium titanate, and forms third dielectric layer 3¢
including barium titanate.

When an aqueous solution for soaking is changed to a
strontium hydroxide aqueous solution instead of a barium
hydroxide aqueous solution, a dielectric substance constitut-
ing third dielectric layer 3¢ can be made to be strontium
titanate. Similarly, by selecting metal ions to be contained in
a solution to be used for anodization and a solution to be used
for hydrothermal treatment, respectively, various dielectric
substances can be formed.

Furthermore, an aqueous solution obtained by adding at
least one selected from magnesium, calcium and strontium
into a barium hydroxide aqueous solution may be used. A
dielectric substance including barium titanate (BaTiO;) con-
stituting third dielectric layer 3¢ formed by adding at least one
of magnesium, calcium and strontium into a barium hydrox-
ide aqueous solution has a crystal structure in which part of
barium is substituted by magnesium, calcium or strontium.
With the above-mentioned addition, temperature dependency
of the dielectric constant can be suppressed.

Furthermore, in this exemplary embodiment, as a solute of
the aqueous solution to be used for hydrothermal treatment,
barium hydroxide is used. However, the solute is not limited
to this, and examples of the solute include barium acetate,
barium chloride, barium hydrogen phosphate, barium fluo-
ride, barium sulfate, barium nitrate, barium carbonate,
barium bromide, barium iodide, barium perchlorate, barium
oxalate, and the like. In this way, a solute capable of allowing
abarium ion to be contained in an aqueous solution to be used
for hydrothermal treatment, and then pH and the like of an
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electrolyte aqueous solution can be appropriately adjusted,
third dielectric layer 3¢ the same as mentioned above can be
formed.

(Step 5)

A polypyrrole film as solid electrolyte layer 4 is formed on
anode body 2 that has been subjected to treatment of Step 4,
and then cathode layer 6 or the like is formed as mentioned
above, and thus a solid electrolytic capacitor is produced.

FIG. 4 is a scanning electron microscope (SEM) photo-
graph showing an anode body that has been subjected to
treatment of Step 4.

As shown in FIG. 4, it is shown that first dielectric layer 3a,
second dielectric layer 35, and third dielectric layer 3¢ are
formed on anode body 2. Furthermore, it is shown that third
dielectric layer 3¢ include barium titanate particles.

Furthermore, since polyvinyl alcohol having high affinity
to water penetrates into the inside of anode body 2 that is
porous structure, and uniform polyvinyl alcohol cross-linked
product is formed on the surface of porous structure by the
subsequent heat treatment, titanium hydroxide can be pre-
cipitated to the inside of the porous structure. Thus, as shown
in FIG. 4, uniform third dielectric layer 3¢ including barium
titanate can be formed to the inside of the porous structure.

[Production of Sample]

As described below, samples of Example 1 and Compara-
tive Examples 1 and 2 are produced, capacity in water and a
leakage current are measured. The capacity in water is a value
obtained by dividing values measured in 30 wt. % sulfuric
acid aqueous solution at 120 Hz and 100 mV by an area of an
anode. Furthermore, the leakage current is a value obtained
120 seconds after DC voltage of 10.5 V is applied in 0.98
wt. % phosphoric acid aqueous solution.

Example 1

Example 1 is described with reference to FIG. 3. As shown
in FIG. 3(a), metal member 2a forming anode body 2 is
prepared. Metal member 24 including tantalum sintered body
is soaked in 0.05 wt. % polyvinyl alcohol (PVA) aqueous
solution for 5 minutes, dried at 100° C. for 10 minutes. There-
after, metal member 24 is soaked in 5.5 wt. % glutaraldehyde
aqueous solution for 5 minutes, and reacted at 65° C. for 30
minutes and at 100° C. for 15 minutes, then washed with pure
water for 15 minutes, and dried at 100° C. for 15 minutes. By
repeating the above-mentioned operations again (twice in
total), a polyvinyl cross-linked product as second dielectric
layer 35 is formed on metal member 2a, as shown in FIG.
3(b).

Next, metal member 2a on which second dielectric layer 35
is formed is anodized at 15v in 1.5 wt. % titanium trichloride
(TiCl,) aqueous solution (electric current density: 1 mA/p,
retention time: 3.5 hours, cathode: platinum). Thus, as shown
in FIG. 3(c), first dielectric layer 3a including amorphous
tantalum oxide is formed, and tetravalent titania sol 11a is
precipitated. After the anodization is finished, metal member
2a is washed with pure water for 10 minutes, and dried at 65°
C. for 15 minutes. Thereafter, heat treatment is carried out at
200° C. for three hours. Thus, as shown in FIG. 3(d), tetrava-
lent titania sol 114 is formed into titanium oxide film 115.

Next, metal member 2a on which titanium oxide film 115
is formed on the surface thereof by heat treatment after anod-
ization in TiCl, is subjected to hydrothermal treatment at 80°
C. in 8.6 wt. % barium hydroxide (Ba(OH),) aqueous solu-
tion for 72 hours. Thus, as shown in FIG. 3(e), titanium oxide
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film 115 is changed into barium titanate to form third dielec-
tric layer 3¢ including barium titanate particles.

Comparative Example 1

Comparative Example 1 is described with reference to
FIG. 5. As shown in FIG. 5(a), metal member 2a forming
anode body 2 is prepared. Metal member 2a including a
tantalum sintered body is anodized in 1.5 wt. % titanium
trichloride (TiCl;) aqueous solution at 15 v (electric current
density: 1 mA/p, retention time: 3.5 hours, cathode: plati-
num). Thus, as shown in FIG. 5(b), dielectric layer 3al
including amorphous tantalum oxide is formed, and tetrava-
lent titania sol 11a1 is precipitated. After anodization is fin-
ished, metal member 2a is washed with pure water for 10
minutes and dried at 65° C. for 15 minutes. Thereafter, heat
treatment is carried out at 200° C. for three hours. Thus, as
shown in FIG. 5(c¢), tetravalent titania sol 11a1 is formed into
titanium oxide film 1151.

Next, metal member 2a on which titanium oxide film 1151
is formed on the surface thereof by heat treatment after anod-
ization in TiClj is subjected to hydrothermal treatment at 80°
C. in 8.6 wt. % barium hydroxide (Ba(OH),) aqueous solu-
tion for 72 hours. Thus, as shown in FIG. 5(d), titanium oxide
film 1151 is changed into barium titanate to form third dielec-
tric layer 3c¢1 including barium titanate particles.

Comparative Example 2

Comparative Example 2 is described with reference to
FIG. 6. As shown in FIG. 6(a), metal member 2a forming
anode body 2 is prepared. Metal member 2a including a
tantalum sintered body is anodized in 1.5 wt. % titanium
trichloride (TiCl;) aqueous solution at 15 v (electric current
density: 1 mA/p, retention time: 3.5 hours, cathode: plati-
num). Thus, as shown in FIG. 6(b), dielectric layer 3a2
including amorphous tantalum oxide is formed, and tetrava-
lent titania sol 1142 is precipitated. After anodization is fin-
ished, anode body is washed with pure water for 10 minutes
and dried at 65° C. for 15 minutes, and then heat-treated at
200° C. for three hours. Thus, as shown in FIG. 6(c), tetrava-
lent titania sol 1142 is formed into titanium oxide film 11562.

Next, anode body 2 provided with titanium oxide film 1152
is soaked in 0.05 wt. % polyvinyl alcohol (PVA) aqueous
solution for 5 minutes, and then dried at 100° C. for 10
minutes. Thereafter, anode body 2 is soaked in 5.5 wt. %
glutaraldehyde aqueous solution for S minutes at 65° C. for 30
minutes and reacted at 100° C. for 15 minutes, and then
washed with pure water for 15 minutes at 100° C. for 15
minutes. By repeating the above-mentioned operations again
(twice in total), as shown in FIG. 6(d), a polyvinyl cross-
linked product as dielectric layer 352 is formed on dielectric
layer 3a2.

Next, anode body 2 provided with dielectric layer 352 is
subjected to hydrothermal treatment at 80° C. in 8.6 wt. %
barium hydroxide (Ba(OH),) aqueous solution for 72 hours.
Thus, as shown in FIG. 6(e), titanium oxide film 1152 is
changed into barium titanate to form dielectric layer 3¢2
including barium titanate particles.

Measurement results are shown in Table 1. As is apparent
from Table 1, the capacity in water is larger and the leakage
current is smaller in Example 1 as compared with those in
Comparative Examples 1 and 2. This is because dielectric
layers 3¢l and 3¢2 including barium titanate particles are
formed only partially, and are not formed in a layer shape
unlike third dielectric layer 3¢ of Example 1. Therefore, it is
shown that a solid electrolytic capacitor and a manufacturing
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method in accordance with the invention of the present appli-
cation are technically excellent.

TABLE 1
Capacity Leakage
in water current
(uF/em?) (pA/em?)
Example 1 PVA coating= anodization 3.66 0.67
= formation of barium
titanate
Comparative anodization=> formation of 3.40 1.17
Example 1 barium titanate
Comparative anodization=> PVA coating 3.18 1.06
Example 2 = formation of barium
titanate

The above-mentioned exemplary embodiment and
Examples show examples in which a sintered body obtained
by sintering particles of a valve metal or an alloy is used as an
anode body, but the present invention is not necessarily lim-
ited to this, and as mentioned above, a solid electrolytic
capacitor using a metal foil or an alloy foil of a valve metal
may be used.

What is claimed is:

1. A solid electrolytic capacitor comprising:

an anode body;

afirst dielectric layer formed on the anode body and includ-
ing metal oxide;

a second dielectric layer formed on the first dielectric layer
and including an insulating polymer;

a third dielectric layer formed on the second dielectric
layer and including a dielectric substance having a
higher dielectric constant than that of the metal oxide;
and

asolid electrolyte layer formed on the third dielectric layer.

2. The solid electrolytic capacitor according to claim 1,

wherein the insulating polymer includes at least one
selected from the group consisting of a sulfonic acid
group, a carboxylic acid group, a phosphoric acid group,
a phosphonic acid group and a hydroxyl group, and is
cross-linked.

3. The solid electrolytic capacitor according to claim 1,

wherein the insulating polymer is cross-linked polyvinyl
alcohol which is cross-linked by using a cross-linking
agent including at least two of an aldehyde group, a

hydroxyl group and a carboxyl group, or a derivative of

the cross-linked polyvinyl alcohol.
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4. The solid electrolytic capacitor according to claim 1,

wherein the dielectric substance constituting the third

dielectric layer is barium titanate particle.

5. A method for manufacturing a solid electrolytic capaci-
tor comprising: an anode body; a first dielectric layer formed
onthe anode body and including metal oxide; a second dielec-
tric layer formed on the first dielectric layer and including an
insulating polymer; a third dielectric layer formed on the
second dielectric layer and including a dielectric substance
having a higher dielectric constant than that of the metal
oxide; and a solid electrolyte layer formed on the third dielec-
tric layer,

the method comprising the steps of:

forming the second dielectric layer on a metal member

forming the anode body; and

soaking the metal member provided with the second

dielectric layer in a solution including an ion of a first
metal that is at least one of metal elements constituting
the third dielectric layer, carrying out energization using
the metal member as an anode for anodizing a portion of
the metal member, which is brought into contact with the
second dielectric layer, so as to form the first dielectric
layer, and precipitating an oxide layer of an ion of the
first metal on the second dielectric layer.

6. The method for manufacturing a solid electrolytic
capacitor according to claim 5,

further comprising the steps of:

soaking the metal member on which the oxide layer is

precipitated in a solution including an ion of the second
metal other than the ion of the first metal among metal
elements constituting the third dielectric layer when the
third dielectric layer includes a plurality of metal ele-
ments, and then heating the metal member, for changing
the oxide layer into a dielectric substance including the
first metal and the second metal so as to form the third
dielectric layer.

7. The method for manufacturing a solid electrolytic
capacitor according to claim 6,

wherein the dielectric substance is barium titanate.

8. The method for manufacturing a solid electrolytic
capacitor according to claim 7,

wherein the solution including an ion of the first metal is a

solution including a trivalent titanium ion, and the solu-
tion including the ion of the second metal is a solution
including a barium ion.
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